Abstract: Advanced combustion concepts like partially premixed combustion (PPC) are sensitive to inlet gas conditions especially inlet temperature. To estimate the combustion parameters like ignition delay on a cycle-to-cycle basis, both complementary filter and extended Kalman filter were designed to estimate the inlet temperature, and the ignition delay was calculated with properly estimated temperature. A two valve fast thermal management system was used to control the inlet temperature, and a PI controller with the lambda tuning method was used. The estimation and control algorithm were verified on a six-cylinder heavy duty engine.
Introduction
Advanced combustion modes like homogeneous charge compression ignition (HCCI) (Strandh et al., 2004; Blom et al., 2008; Bengtsson et al., 2007a) and partially premixed combustion (PPC) are sensitive to inlet conditions (Yin et al., 2015) . HCCI combustion is driven by chemical kinetics, the ignition is controlled by the temperature, pressure and composition at the end of the compression stroke, the intake temperature can be adjusted to achieve the desired ignition timing (Sjöberg and Dec, 2004; Bengtsson et al., 2006) . While PPC is affected mainly by the injection, however the intake condition still has impact on the combustion. High temperature advances combustion phasing and low temperature causes too late combustion resulting in misfire (Kaiadi et al., 2013) . Temperature estimation and control can be used to stabilise the combustion phasing in PPC mode.
PPC takes advantage of high exhaust gas recirculation (EGR) to extend the ignition delay time so that the start of combustion is retarded after the end of injection. The long ignition delay time results into longer mixing time of air and fuel, which reduces the soot formation and also influences the combustion timing (Kaiadi et al., 2013) . Therefore the ignition delay is an important control parameter for PPC. To estimate the ignition delay on a cycle-to-cycle basis using the intake gas condition, a cycle-to-cycle temperature measurement and estimation is critical.
K-type thermocouple sensors are widely used both in lab and industry. There is a time lag present in the measurement signal from the sensor during temperature transients. This lag is the thermocouple lag, and results from the protecting shield which packages the measurement end of the thermocouple sensor. The thinner the shield, the higher the risk of sensor breakage, but the thermocouple lag decreases. To get the best response, exposed thermocouples have been used in some experiments (Lee et al., 2013) , however this type of sensors are mostly used in laboratory environments because of poor robustness.
Engine manifold temperature can also be calculated by the intake pressure and air mass flow using the ideal gas law. Since the pressure sensor has faster response than the thermocouple sensor, the response time for the method using a pressure sensor is shorter than the one using a thermocouple sensor. However, because of more noise in the pressure sensor signal, the calculated temperature also includes noise. Therefore, two sensors can be used to measure temperature, one is accurate but slow, the other one is noisy but fast. Two filters are widely used to solve this type of problem. One is complementary filters and the other is Kalman filters.
The complementary filters and Kalman filters are originally used in the aerospace field. After successful application, Kalman filters are also in the automotive industry. Two filters were compared in Higgins (1975) . The complementary filter is simpler as it involves less computation. The Kalman filter is a recursive algorithm to estimate the unknown variables taking advantage of a series of measurements. This filter needs more computation. The complementary filter analyses the system in the frequency domain, while The Kalman filter uses a mathematical model to design the corresponding filter. In this paper, the authors test both filters for the application of temperature estimation.
To control the charge temperature, various hardware designs can be used on the engine, such as variable exhaust valve timing, and fast thermal management (FTM). The variable exhaust valve timing method changes the internal EGR rate by varying the exhaust valve timing. The charge temperature of the next cycle will be affected by the percentage of hot internal EGR from the previous cycle (Bengtsson et al., 2007a (Bengtsson et al., , 2007b ). This method is fast but adds cost to the engine build. The FTM adjusts the temperature by controlling one valve on a hot air gas line and the other one on a cold air gas line. This method was used in HCCI prototype engine control (Haraldsson et al., 2004) . In this paper an FTM hardware system was used to control the charge temperature. This paper is structured as follows. First, system modelling of the inlet gas system and ignition delay is explained, followed by the complementary filter and extended Kalman filter (EKF) (McElhoe, 1966) designs. Then the temperature estimation results and control results are presented. Finally, conclusions are drawn accompanied with an overall discussion of estimation and control.
System modelling
To design a Kalman filter estimating temperature, a mathematical model was used to describe the intake manifold dynamics. The model turned out to be a nonlinear dynamic model. Model variables and parameters are shown in Table 1 . F rN1,2,3,4 Cut off frequency of a low pass filter Hz
Intake manifold dynamic
Consider the intake manifold as a constant volume. The ideal gas equation provides a basic model of the intake manifold.
Differentiate both sides of (1), which yields the temperature differential equation:
The flow into the intake manifold is combined with intake air flow and EGR flow, while the flow out of the intake manifold goes directly into the cylinder, therefore the intake manifold mass flow dynamics can be expressed as:
Combine equations (1) to (3) and eliminate the variables intake manifold mass m m and volume V in . This yields the equation with measurable parameters.
whereṁ Air was measured by the mass flow sensor. Cylinder charge mass flow was calculated from the standard volumetric pump model, based on volumetric efficiency, which was mapped by manifold pressure, engine speed (Eriksson et al., 2002; Mladek and Onder, 2000) .
Assume that temperature and mass flow are quasi-steady related to pressure derivative, another equation was formed to add the relation of intake manifold pressure and EGR.
Consider also the time lag of the thermocouple sensor.
EGR mass flow estimation
Since there is no EGR mass flow sensor to measure EGR, in this paper, EGR was estimated from a simple EGR mass dynamic model with a Kalman filter. Discretise equation (7) with step length h and substitute (5) and (7) into it
Denote the variables C α , C β as
This yields the discrete state-space model.
The measurement was inlet manifold pressure, therefore the model output is
Denote
and
Based on the state-space model of equation (11), the state estimator is on the form.
Minimum covariance
The EGR ratio is estimated by a Kalman filter. The estimated EGR tracks the measured one, which is shown in Figure 1 . 
Ignition delay estimation
The ignition delay is influenced by the temperature T ID , pressure P ID , oxygen and fuel concentrations [O 2 ] and [C x H y ] of the cylinder charge after injection as explained in Widd et al. (2012) and Widd (2012) , which can be modelled as equation (18).
where A ID , α ID , β ID , γ ID are constant, Ea is the activation energy and R is the gas constant of the cylinder charge. The temperature and pressure are modelled with (19).
The heat transfer between the charge and the intake manifold and cylinder were neglected.
Complementary filter and EKF design
This section explains the complementary filter and EKF designs.
Complementary filter
According to equation (7), the intake manifold temperature can be expressed as:
Intake manifold temperature can be measured directly from the thermocouple sensor, and can also be calculated using the intake manifold pressure and mass flow based on (7). Since the intake pressure sensor is faster than the thermocouple sensor, it can capture the temperature changes faster than the thermocouple sensor. However, the accuracy of this method is low since the manifold volume is hard to determine and the mass flow rate measurement accuracy is low. On the contrary, the thermocouple sensor measurement is slow but the accuracy is high. Therefore, this problem needs a method that can benefit from both information sources. The complementary filter is one solution, based on filter merging with a high-pass filter and a low-pass filter. The thermocouple sensor signal was filtered by the low pass filter and the calculated temperature signal was filtered by the high-pass filter.
Denote the transfer-function of a low-pass filter G(s), and the transfer function of a corresponding high-pass filter 1 − G(s), the complementary filter is shown in Figure 2 
Extended Kalman filter
As explained in the system modelling section, the unknown parameters are the thermocouple lag and the actual temperature in the manifold. The Kalman filter can be a good method to estimate the unknown parameters with the measured sensor signals.
Equations (4), (7) and (8) form the model of the intake manifold. Denote the state
T and discretise the model, which yields the discrete state-space model:
The model is nonlinear, therefore, the EKF was used to estimate the state. The linearisation Jacobians of state transition and observation are
The EKF estimation algorithm for state x iŝ
Controller design and tuning method
The thermal management system hardware was combined with a hot valve and a cold valve. The intake air manifold was split into two pipes with equal diameters. Each pipe has a throttle valve, the valve on the pipe with a cooler was called cold valve, the other one hot valve. The angles of the cold and hot valves were denoted θ c and θ h , respectively. The two valve angles were constrained by keeping the sum of the effective flow areas of both valves constant.
θ h was used as control output u for temperature control. In this paper, the density of hot and cold flow was assumed same for simplicity, therefore the cold valve angle was calculated by (25). The temperature controller is
The system is simplified to first-order model with time delay (FOTD).
The parameters K st p , T st and L st were estimated in step-response tests. The lambda-tuning method gives the following simple tuning rule.
where λ is the closed-loop response time which is critical for tuning. This paper chose λ = T as initial parameter and reduced λ until overshoot occurred.
Experiment set up
The experiments were conducted on a Scania 6-cylinder heavy-duty engine. A FTM system replaced the original intake system as in Haraldsson et al. (2005) . The system layout is shown in Figure 3 . A Kistler pressure sensor of type 7061B was mounted into one cylinder of this engine. The ignition delay was calculated using the pressure sensor signal. The control system used National Instruments hardware. The hardware consists of a PXI chassis and a Drivven driver. The PXI chassis has an embedded controller, executing real time software, and the FPGA board, connected to the Drivven hardware and the controller. The Drivven driver is composed of a power drive module, which drives the throttles and gets the position signal. The IO board receives the analog position signals and temperature signals. The control algorithm was downloaded to the real-timer engine controller and ran at 10 ms interval. To establish the communication with the PC and the PXI chassis, the NI software calibration management (SCM) toolkit was applied. SCM ran on the PXI chassis and exchanged data with the user interface in real-time. The system architecture is shown in Figure 4 . 
Results
Three experimental studies were conducted for this paper to evaluate the estimation method and the application to PPC engine control. The first one was the temperature estimation using complementary filter and EKF methods. The second one was temperature control results using estimated temperature signal as feedback. The last one was ignition delay estimation results using the estimated temperature signal.
Complementary filter results
In the experiments for complementary filter application, since the estimated temperature was a combination of results from a high-pass filter and a low-pass filter, the high-pass filter can not remove the noise from the pressure derivative, therefore, the signal was filtered by a low-pass filter with a 5 Hz cut-off frequency. The transfer function G(s) resulted from a low-pass filter with a cut-off frequency F . The sensitivity of complementary filter to F was investigated in the experiments and investigated frequency was shown in Table 2 . The sensitivity results were shown in Figure 5 . Overall, the filtered signals can follow the trend of temperature sensor signal and reproduce the temperature in the intake manifold. In the zoomed plot, a lower frequency F resulted in longer delay in the beginning of the temperature ramp, and a higher overshoot in the end of the temperature ramp. It is hard to make a trade-off of the delay and the overshot. This can also be proved and explained in plots of the high-pass and the low-pass filter outputs. Lower F lead to longer delay in the low pass filter output, which can not be compensated by the high frequency part from the high pass filter output. On the other hand, a higher F can keep more low-frequency content in the low pass filter output, however, can only capture the transition in the early part of the temperature ramp. This can be seen in the high-pass filter plot that the higher F , the smaller temperature overshoot. 
EKF results
This part explains the results of EKF estimation results in the temperature ramp experiments. In the EKF application, a forgetting factor K m was included in the x 3 estimation, as shown in (29). Since the system model is based on transient operation, EKF estimation can estimate the time lag in the transient operation, however, it can only measure the noise in steady state, especially x 3 state. This forgetting factor eliminated the noise disturbance in steady-state and estimated the thermocouple lag during transition. The forgetting factor was chosen as 0.001 in the experiments to compensate the estimation speed in transition and noise level in steady state.
Since temperature estimation results contain noise from the pressure signal and pressure derivative these two signals were low-pass filtered. The cut-off frequency was adjusted to smooth the estimated temperature. As showed in Figure 6 , the estimation results with two cut-off frequencies were plotted. Frequency 1 was 12 Hz and frequency 2 was 5.12 Hz. Estimation results with higher cut-off frequency have faster response than that with lower cut-off frequency, however, including more noise at the same time. The higher noise level signal resulted in big variations in the temperature feedback control as the noise was integrated and magnified in the PI control output. Therefore, a trade-off between the noise level and the response was found, and a low cut-off frequency of 5.12 Hz was used in later temperature control experiments. 
PI control results
In the temperature control experiments, estimated temperature signal and thermocouple temperature signal as feedback signal were tested separately. The tuning method was as follows:
• estimate the system K p and T by step response tests
• calculate initial K and T i using lambda tuning method
• step responses test and adjust K and T i until overshoot occurs.
The step response test and tuned PI parameters were shown in Table 3 . The temperature feedback control results were shown in Figure 7 . The dashed curve is the temperature control response using the sensor signal as feedback and the solid one is using estimated signal as feedback. The response time with estimated signal is shorter than that with sensor signal. 
Ignition delay estimation
The ignition delay was calculated according to equations (18). The less filtered estimated temperature, properly filtered estimated temperature and measured temperature were plugged into the equation separately. Results are shown in Figure 8 . The ignition delay estimation using less filtered estimated temperature can track the ignition delay transition on a cycle-to-cycle basis, but the drawback is a high noise level in the signal and it can not be used for feedback control. The ignition delay with proper filter can also track ignition delay transition, with a longer delay. The benefit of this properly filtered signal is less noise and it is suitable for feedback control. Compared with the estimated signal, the measured signal can not track the ignition delay on a cycle-to-cycle basis. The less filtered estimated temperature can be used to predict ignition delay on a cycle-to-cycle basis. A potential usage of this signal is feed-forward control of injection timing during transient operation. 
Discussion
In the application of complementary filter, the pressure sensor was filtered by a low-pass filter to remove the noise in the estimated temperature signal. The cut-off frequency of this low-pass filter also influenced the response of the estimated temperature signal. The sensitivity of estimation results to the cut-off frequency of the low-pass filter was plotted in Figure 9 . From F rN 1 to F rN 4 the frequency increased. A high cut-off frequency includes high noise level and a low cut-off frequency caused long response delay and a overshoot in the estimation. It is hard to compensate for the delay and the noise. One proposal from the authors is to use a more accurate and faster pressure sensor. A high cut-off frequency can be used to remove noise and minimise the delay and overshoot at the same time.
In the application of EKF, a low-pass filter with two different frequencies was used to filter the noise in the estimated signal. The less filtered signal had a faster response during temperature step test, which was used in ignition delay prediction on a cycle-to-cycle basis and thereupon feed-forward control of combustion process. While the more filtered signal has a certain delay shown in the step response compared to less filtered signal, which was used as feedback signal in the temperature control experiments and showed faster response as compared to the results using sensor signal as feedback. 
Conclusions
This paper presents two methods of intake air temperature estimation on a PPC multi-cylinder engine, one is complementary filter, the other is an EKF method, the estimated temperature signal was used for ignition delay estimation and temperature feedback control. In the complementary filter experiments, the sensitivity analysis experiments shows that it is hard to find trade-off between the noise level and response time. On the contrary, the EKF method can estimate the intake air temperature with a fast response.
Ignition delay model using the estimated temperature signal can predict the ignition delay on a cycle-to-cycle basis.
The estimated temperature signal was used as feedback signal for temperature control. The experiments showed that temperature control using the estimated signal was faster than that with the original temperature sensor signal.
